background: Intracytoplasmic sperm injection (ICSI) is a technique in which sperm are injected directly into unfertilized oocytes, whereby offspring can be obtained even with dysfunctional sperm. Despite its advantages in human and animal reproductive technology, the low rate of resultant live offspring is perturbing. One major cause is thought to be embryonic chromosomal abnormalities. However, there is no direct evidence of how these occur or how they affect pregnancy outcomes.
Introduction
Intracytoplasmic sperm injection (ICSI) is the technique by which spermatozoa are microinjected directly into unfertilized oocytes to generate embryos. This technique is now a key approach used in assisted reproductive technology (ART) to treat infertile men with dysfunctional sperm, and many treatment cycles have now been carried out worldwide (Yanagimachi, 2005; Andersen et al., 2008) . However, the birth rate is relatively low, even though the appearance of ICSIgenerated human embryos seems to be indistinguishable from those of embryos produced by in vitro fertilization (IVF). Recent clinical observations have revealed that this problem might arise from chromosomal abnormalities. ICSI-specific chromosomal aberrations are also frequent in very early mouse embryos Tateno and Kamiguchi, 2007) . In such cases, rather than numerical chromosomal aberrations, structural anomalies such as breakages, gaps and abnormal centric formation were observed at the first mitotic division, as documented by Giemsa and/or c-band staining. Moreover, conventional 4 0 ,6-diamidino-2-phenylindole nuclear staining of 2-cell stage embryos demonstrated that ectopic micronuclei were found in 12% of the ICSI-generated mouse embryos (Kawasumi et al., 2007) . These aberrations have been thought to occur during sperm preparation for ICSI and to be evoked by technical factors such as the constitution of the medium (Tateno, 2008) . Although whether these abnormalities lead to mosaicism and aneuploidy at later embryonic stages is not known, it is reasonable to hypothesize that such structural chromosomal faults might be associated with the low pregnancy rate seen following ICSI procedures.
As all of these data were derived from 'snapshot' images of fixed cells, when and how these chromosome abnormalities occurred could not be known. Moreover, as fixed cells, of course, never develop any further, we could not directly link the abnormalities observed and their impact to further development. Therefore, timelapse analysis using imaging of chromosome dynamics during preimplantation development in living embryos could help in evaluating their potential. A system enabling the embryos to withstand, survive and develop normally after fluorescence microscopy would allow both retrospective and prospective links between the abnormalities and developmental capacity. With this objective, we have developed a live-cell imaging technique for mammalian preimplantation embryos in which embryos are microinjected with mRNA encoding a fluorescent protein and observed by time-lapse microscopy (Yamagata et al., 2005; Yamazaki et al., 2006) . In this technique, embryos are capable of developing to full term even after prolonged, six-dimensional imaging (6D; x, y, z axes, time-lapse, multi-color and multi-sample) (Yamagata et al., 2009) . Here we applied this imaging technique to determine how chromosome aberrations might arise in ICSI-and other ART-generated embryos and to analyze the impact of any abnormalities on further development.
Materials and Methods

Gamete collection
Female BDF1 mice (7-12 weeks old) were superovulated by intraperitoneal injections of 5 IU pregnant mare serum gonadotrophin and 5 IU human chorionic gonadotrophin (hCG) (Teikoku Zoki) at 48 h intervals. Cumulus-intact oocytes were recovered 13 -15 h after hCG injection. Sperm were collected from the cauda epididymidis of BDF1 males (.12 weeks) in 0.2 ml drops of TYH medium (Toyoda et al., 1971) and capacitated by incubation for 2 h at 378C under 5% CO 2 in air. Frozen-thawed sperm was prepared by freezing capacitated sperm in TYH medium at 2258C and thawing just before use.
In vitro fertilization
Cumulus-intact oocytes were collected in 0.2 ml of TYH medium and inseminated with capacitated sperm (final concentration 100/ml). After 2 h incubation at 378C under 5% CO 2 in air, cumulus cells were dispersed by brief treatment with hyaluronidase (Type-IS, 150 units/ml, Sigma).
Intracytoplasmic sperm injection
ICSI was performed according to the original procedures (Kimura and Yanagimachi, 1995a) . Metaphase II (MII) oocytes were prepared by short incubation of cumulus-intact oocytes in Chatot -Ziomek -Bavister (CZB) medium (Chatot et al., 1990) containing hyaluronidase. One microliter of suspension of capacitated sperm in TYH medium was mixed with 9 ml of HEPES-buffered CZB medium containing 12% (w/v) polyvinylpyrrolidone (PVP) in a micromanipulation chamber. The head of each sperm was separated from the tail by applying pulses to the head-tail junction by means of a piezo-driven pipette (PrimeTech). Only the sperm head was injected into each MII oocyte cytoplasm.
Round spermatid injection
To collect spermatogenic cells, the seminiferous tubules of the testes from the BDF1 male were minced with scissors and suspended in HEPESbuffered CZB medium. When the medium became turbid, the cell suspension was filtered with Kimwipes to remove the cell debris. A 1 ml aliquot of the spermatogenic cell suspension was mixed with 10 ml of 12% PVP/HEPES-CZB in a micromanipulation chamber. The MII oocytes were artificially activated by incubation in Ca 2þ -free CZB medium containing 5 mM SrCl 2 for 20 min. Approximately 60 min after activation, each oocyte was injected with the nucleus of a round spermatid using a piezo-activated micromanipulator.
Live-cell imaging
Synthesis and microinjection of mRNA were described in our previous paper (Yamagata, et al., 2005) . Briefly, mRNA was synthesized using RiboMAX TM Large Scale RNA Production Systems-T7 (Promega). The 5 0 end of each mRNA was capped using Ribo m7G Cap Analog (Promega). Synthesized RNAs were purified by phenol -chloroform treatment and gel filtration using a MicroSpin TM G-25 column (Amersham Biosciences). Anaphase II/telophase II and early pronuclear-stage oocytes (2 h after insemination or activation) were injected with mRNA using a piezo manipulator.
The embryos were transferred to 5 ml drops of CZB medium on a glass-bottomed dish (12 embryos/drop) and imaged until the 2-cell stage (20 h) or blastocyst stage (70 h) in the incubator (Tokai Hit) on the microscope stage. Fifty-one images in the z-axis and two color (green and red) images were captured at 15 min intervals. An inverted microscope (IX-71, Olympus) was attached with a Nipkow disc scanning confocal unit (CSU10, Yokogawa Electric Corp.), EM-CCD camera (iXON BV-887, Andor) and filter wheel and z motor (Mac5000, Ludl Electronic Products). As our imaging device has an auto xy stage (Sigma Koki) attached, multiple embryos (usually more than 100 embryos were imaged) can be monitored in one assay. Device control and image analysis used MetaMorph software (Universal Imaging).
Embryo transfer
Two-cell stage embryos were transferred into the oviduct of surrogate mothers (ICR strain) on Day 1 of pseudo-pregnancy following mating with vasectomized ICR males. Morulae and blastocysts were transferred to the oviduct of Day 1 or to the uterus of Day 3 pseudo-pregnant mothers.
Giemsa staining
Metaphase chromosomes at first mitosis were analyzed by Giemsa staining as reported (Tateno and Kamiguchi, 2007) . Briefly, pronuclear-stage embryos (6 h after ICSI or IVF) were transferred to CZB medium containing 7 ng/ml vinblastine and incubated overnight. The metaphasearrested embryos were treated in hypotonic solution consisting of 0.5% sodium citrate and 15% fetal bovine serum for 10 min at room temperature. They were fixed in Carnoy's solution on glass sides (Frontier, Matsunami Glass Co., Osaka, Japan). After air-drying, the slides were transferred to 2% Giemsa solution (Merck Sharp & Dohme, Whitehouse Station, NJ, USA) in phosphate-buffered saline, stained for 8 min, washed in Milli-Q water and then air-dried again. Chromosome spreads were observed by bright field microscopy using an Olympus microscope (Tokyo, Japan, model BX-41, UPlan Fl Â40 lens).
Immunostaining
Embryos were produced by ICSI using frozen -thawed sperm, injected with H2B -monomeric red fluorescent protein 1 (mRFP1) mRNA, fixed at the 2-cell stage using 4% paraformaldehyde and permeabilized. After blocking, anti-lamin B (sc-6217, Santa Cruz Biotechnology), antiphosphorylated histone H3 (Ser 10) (No. 9701, Cell Signaling Technology), anti-phosphorylated histone H2A.X (Ser 139) (No. 05636, Upstate Biotechnology, Inc.), anti-trimethylated histone H3 (Lys 9)
Chromosomal dynamics in ICSI-generated mouse embryos (ab8898, Abcam) antibodies were added. After washing, the embryos were incubated with Alexa 488-labeled secondary antibodies (Invitrogen) and observed.
Results
Live-cell imaging of chromosome segregation in ART-generated embryos
To assess chromosomal integrity during mitotic division, a mixture of mRNAs encoding enhanced green fluorescent protein (EGFP) coupled with a-tubulin (EGFP -a-tubulin) (Yamagata et al., 2005) and mRFP1 fused with histone H2B (H2B-mRFP1) (Yamazaki et al., 2007) was injected. When the first mitotic divisions of ICSI-generated embryos were monitored, significant abnormalities were observed during chromosome segregation, whereas cytokinesis was apparently normal (Fig. 1A -C and Supplementary Movie 1). Small dot-like H2B-mRFP1 signals were detected along with microtubule bundles during the anaphase and telophase stages, and, similar to so-called micronuclei, these persisted in the cytoplasm even in the interphase of 2-cell embryos (Fig. 1B and Supplementary Movie 1b) . Another pattern of abnormality was also observed, with a chromosomal fragment pinching off from the metaphase plate and reattaching, although there were no ectopic H2B-mRFP1 signals at the 2-cell stage ( Fig. 1C and Supplementary Movie 1c). In some embryos, a combination of the above two patterns was seen (Supplementary Movie 1d). In this study, all these abnormalities were categorized as abnormal chromosome segregation (ACS) and the remaining were collectively designated as normal chromosome segregation (NCS; Fig. 1A and Supplementary Movie 1a). The incidence of ACS in ICSI embryos was significantly higher (26.3%) than those in IVF embryos (1.7%; Table I ). Interestingly, this largely depended on the operator's skill (range 10.4 -46.7%). When frozen -thawed spermatozoa were used for ICSI, the percentage of ACS was much higher than with fresh sperm even when performed by the most skilled micromanipulator (38.1%; Table I ). Note that the incidence of CS in IVF-generated embryos was only 1.7%. Thus, our imaging technique including the expression of exogenous proteins by mRNA injection and repeated fluorescent observations did not impair chromosomal integrity.
We also studied the prevalence of ACS in another ART model, round spermatid injection (ROSI). Although round spermatids are haploid, like mature spermatozoa, the successful birth rate following ROSI in the mouse is very low (1.7 -28.2%) (Ogura et al., 1994; Kimura and Yanagimachi, 1995b) . As a result, some of the ROSIgenerated pronuclear-stage embryos contained one very large female pronucleus and one very small male pronucleus (Fig. 1D) , consistent with a previous report (Kimura and Yanagimachi, 1995b) . Most (77.5%) of the ROSI-generated embryos exhibited ACS at the first mitosis (Table I and Fig. 1D and Supplementary Movie 2).
Characterization of abnormally segregated chromosomes
To elucidate how ACS might arise, ICSI-generated embryos produced with frozen-thawed sperm were analyzed by conventional Giemsa staining (Fig. 2) and immunostaining using various antibodies (Fig. 3) . Giemsa staining of metaphase chromosomes just before the first mitotic division showed that some ICSI embryos had breakage-type chromosome aberrations in one of two pronuclei (Fig. 2) , consistent with a previous report (Tateno and Kamiguchi, 2007) . The incidence was 35% (14 of 40 embryos), whereas that of IVF embryos was 0% (0 of 20 embryos). These values were similar to those of ACS seen in our live-cell imaging method (38.1% for ICSI and 1.7% for IVF, Table I ), suggesting that chromosomal damage during the 1-cell stage might induce ACS at the first mitotic division.
Immunostaining of 2-cell stage ICSI embryos revealed that these loose chromosomal fragments were devoid of lamin B, whereas they were covered with large H2B-mRFP1 signals (Fig. 3A) . They were positive for anti-phosphorylated histone H3 Ser 10 antibody (Fig. 3B) , which is a marker for metaphase and condensed chromosomes (Wang et al., 2006) . These data indicated that the chromatin retained the capacity for metaphase independently while interphase nuclei were being formed in 2-cell blastomeres. Moreover, these fragments were stained with anti-phosphorylated H2A.X antibody, a probe for DNA double-strand breaks (Luo et al., 2006) (Fig. 3C ), and were negative for anti-trimethylated histone H3 lysine 9 antibody (Fig. 3D) , a maternal genome-specific histone modification (Arney et al., 2002) . These data suggest that ACS might have resulted from double-strand breakage of the male-derived genomic DNA, resulting in chromosomal fragments appearing at metaphase and subsequently dissociating from the spindle microtubules.
Pre-and post-implantation development of embryos with ACS
When ICSI-generated embryos were imaged later than the 2-cell stage, 56.5% of those with ACS were found to develop into the morula or blastocyst stage (Fig. 4, Supplementary Movie 3 and Table II ). Compared with the embryos with NCS, these embryos appeared normal by light microscopy (Fig. 4E) .
To assess the capacity for implantation and post-implantation development, embryos were divided into ACS and NCS categories at the 2-cell stage by live-cell imaging and transferred separately to the oviducts of pseudo-pregnant females (Fig. 5A) . Note that the 2-cell embryos with ACS and NCS were indistinguishable by light microscopy (Fig. 5B ). Although embryos with ACS could implant and form deciduae (Fig. 5C ), there were no viable embryos at embryonic day (E) 7.5 and the deciduae began to get absorbed around E9.5 ( Fig. 5D and Table III ), suggesting that embryos with ACS underwent spontaneous miscarriage by E7.5. In fact, in all the ICSI and ROSI experiments, almost no pups were obtained from ACS embryos, whereas the NCS embryos developed normally to pups (Table IV) . These data clearly show that the relatively poor mouse pregnancy rate following ICSI might be caused by impaired chromosome segregation at first mitosis and subsequent abortion before E7.5.
Discussion
In this report, we have demonstrated that some ICSI-generated mouse embryos showed abnormal chromosomal behavior during segregation at first mitotic division and consequently formed ectopic micronuclear-like structures at the 2-cell stage. Embryos showing these abnormalities could develop to the morula or blastocyst stage and implant in the uterus, but had died by E7.5. These results were evident from time-lapse observations of chromosome dynamics in living embryos and were based on our imaging technology that allows pups to be born normally, even after repeated fluorescence microscopy observations.
The immunostaining experiments revealed that ACS might be caused by double-strand DNA breakage of the sperm-derived genome. This mode of DNA breakage is likely to cause structural abnormalities of chromosomes observed at the metaphase of 1-cell ICSI-derived embryos using Giemsa (Fig. 2) and/or c-band staining Tateno and Kamiguchi, 2007) , leading to abnormal chromosomal dynamics during first mitosis. The question arises as to when and how this breakage of the sperm genome is a Anaphase II/telophase II embryos were injected with mRNA, and 6D imaging (x, y, z axes, time-lapse, multi-color, and multi-sample) was performed. b FT, frozen-thawed. c Abnormal embryos with one or three pronuclei (PN) were excluded from the analyses. d Embryos were categorized into normal chromosome segregation (NCS) or abnormal chromosome segregation (ACS) groups based on the images in Fig. 1 and Supplementary Movies 1 and 2. Percentages are based on the number of 2-cell embryos. e Sixty-five percent of two-PN embryos had one large female pronucleus and one very small male pronucleus. f The incidence of ACS in ICSI and round spermatid injection (ROSI) was significantly higher than following IVF (P , 0.05 by x 2 test). g The incidence of ACS in the ICSI embryos produced by FT sperm was significantly higher than those by fresh sperm (P , 0.05 by x 2 test).
caused. In this study, the same sperm sources were used for ICSI and IVF, and the incidence of ACS depended strongly on the skill of the operator. Therefore, ACS was unlikely to be caused by inherent problems in the spermatozoa. Tateno and Kamiguchi (Tateno and Kamiguchi, 2007; Tateno, 2008) reported that chromosomal damage increased during sperm pre-incubation and that its incidence depended on the constitution of the medium. These data suggest that the DNA breaks were caused by a chemical reaction rather than by direct physical shearing during micromanipulation. The occurrence of ACS was also increased dramatically by freeze -thawing the sperm (Table I) . This treatment is known to cause membrane damage (Perry et al., 1999) . Therefore, we suggest that the sperm membrane was damaged somehow during ICSI and that this allowed the DNA to be attacked by a deleterious agent. An excessive level of reactive oxygen species (ROS) has been considered a major inducer of DNA damage in sperm (Lewis and Aitken, 2005) , and antioxidant supplementation to the sperm preparation medium significantly reduced DNA fragmentation (Chi et al., 2008) . Thus, excessive ROS in the culture medium might have been a cause of the abnormalities in these ICSI-generated mouse embryos. Preliminary experiments demonstrated that the incidence of ACS following ICSI varied between the operators. In practical terms, this is a significant problem. In our laboratory, although the same specimen and reagents were used for each cycle of ICSI, each operator uses his or her own micromanipulator system. This means that different settings of the devices including the piezo drive might influence the efficiency of microinjection. Moreover, the detailed procedures in each step of ICSI are also slightly different between the operators. These include the piezo power used, the manner of applying the piezo pulse to cut and inject the sperm head and the duration of sperm exposure to PVP. The results of such slight differences might affect the sperm's chromosomal integrity and lead to variations in the success rate of ICSI. Taken together, it can be considered that the speed and skill of the operator might affect the membranous damage of the sperm before the injection, and, as a secondary effect, this might allow the exposure of sperm to ROS. Therefore, Figure 3 Characterization of chromosome fragments in intracytoplasmic sperm injection embryos by immunostaining. Embryos were injected with H2B -mRFP1 mRNA (red), followed by staining with anti-lamin B (lamin B; A), anti-phosphorylated histone H3 Ser 10 (pH3ser10; B), antiphosphorylated H2A.X antibodies (pH2A.X; C) or anti-trimethylated histone H3 lysine 9 (H3K9trimethyl; D). Arrows indicate chromosome fragments that segregated abnormally during mitosis. Arrowheads indicate relatively large chromosome fragments covered with lamin B. pb, polar body; DIC, differential interference contrast.
Chromosomal dynamics in ICSI-generated mouse embryos to ensure the safety of ICSI, we need to pay much more attention to the procedures and techniques of sperm preparation.
In our data, most embryos with ACS did not survive past early pregnancy, suggesting that embryos with defective chromosomes were aborted, even though they appeared normal during preimplantation stages. A similar association between chromosomal aberrations and embryonic mortality during pregnancy has been described in another animal model. Lightfoot et al. (2006) reported that a knockout mouse, in which the gene for a protein subunit of the meiotic synaptonemal complex 3 (Sycp3) was inactivated, showed increased rates of a ICSI-generated embryos were produced using frozen-thawed sperm, injected with mRNA at the anaphase II/telophase II and imaged until the morula/blastocyst stage (70 h). b Compacted embryos with more than eight nuclei were judged as being at the morula/blastocyst stage. The rest were counted as 'arrested' embryos. c The capacity for morula/blastocyst development in embryos with abnormal chromosome segregation (ACS) was significantly lower than those in normal chromosome segregation (NCS) embryos (P , 0.05 by x 2 test).
chromosomal abnormalities in preimplantation embryos. Interestingly, some embryos from these Sycp3-null females could develop, undergo uterine implantation and initiate gastrulation, but quickly degraded and were lost at E7.0-E8.0. The authors also suggested that the loss of embryo viability was caused by p53-independent apoptosis. Therefore, a similar mechanism could be involved in ICSI-generated embryos with ACS. To test this possibility, molecular-level characterization of chromosomal segregation processes in ICSIderived embryos will be needed. On the basis of observations using fluorescent in situ hybridization for preimplantation genetic diagnosis, it is apparent that most problems arise from chromosomal abnormalities in the ART-generated embryos and these potentially lead to developmental arrest and subsequent abortion ( Chromosomal dynamics in ICSI-generated mouse embryos Rubio et al., 2007) . Surprisingly, up to 70% of all cleavagestage ART-generated human embryos exhibit chromosomal mosaicism and aneuploidy (Sandalinas et al., 2001) . Although the mechanisms for the onset of these abnormalities are still under discussion, non-disjunction and chromosomal breakage during meiotic and/or mitotic divisions at very early stages are likely causes. Indeed, most such anomalies appear to arise from the first mitotic division in human ART-generated embryos (Munne et al., 2002) . Taken together, it is probable that the ACS seen in mouse ICSI embryos in this paper might occur also in human embryos and, in part, could cause early pregnancy losses. To test this possibility, ICSI-generated human embryos and embryos from other animal models such as monkeys will be analyzed using the live-cell imaging-based embryo assessment technology we have established.
Supplementary data
Supplementary data are available at http://humrep.oxfordjournals. org/. ICSI-generated embryos were produced using frozen -thawed sperm, injected with mRNA at the anaphase II/telophase II and imaged until the 2-cell stage (20 h). They were separated into groups of embryos displaying ACS or NCS using a micromanipulator and transferred separately to pseudo-pregnant females. Females were sacrificed at embryonic days 7.5 (E7.5) or 9.5 (E9.5) days post-partum, dissected and the reproductive organs were removed.
b Numbers of implantation sites between the embryos with ACS and NCS were not significant at E7.5 (P .
by x 2 test).
c Numbers of implantation sites between the embryos with ACS and NCS were significant at E9.5 (P , 0.05).
